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Aims: The aim of the present study was to evaluate the neuroprotective effects of environmental enrichment
(EE), assessed by cognitive activity in the Morris water maze, and on brain oxidative status, through mea-
surement of macromolecules damage, lipid peroxidation levels, total cellular thiols and antioxidant enzymes
in hippocampus, striatum and cerebral cortex.
Main methods: Adult male Wistar rats were submitted to the modiﬁed permanent bilateral occlusion of the
common carotid arteries (2VO) method, with right common carotid artery being ﬁrst occluded, and tested
three months after the ischemic event. Cognitive and physical stimulation, named Environmental Enrich-
ment, consisted of one-hour sessions run 3 times per week during 12 weeks, following two different stimu-
lation protocols: pre-ischemia and pre+post-ischemia. Rats were then tested for both reference and
working spatial memory tasks in the water maze and later sacriﬁced for measurement of oxidative stress pa-
rameters.
Key ﬁndings: A signiﬁcant cognitive deﬁcit was found in both spatial tasks after hypoperfusion; this effect was
reversed in the 2VO enriched group. Moreover, hippocampal oxidative damage and antioxidant enzyme ac-
tivity were decreased by environmental enrichment.
Signiﬁcance: These results suggest that both stimulation protocols exert a neuroprotective effect against the
cognitive impairment and the reduction of biomarkers for oxidative damage caused by chronic cerebral
hypoperfusion.© 2012 Elsevier Inc. Open access under the Elsevier OA license.Introduction
Chronic cerebral hypoperfusion (CCH) is associated to several ce-
rebrovascular conditions, including cerebral arteriovenous mal-
formations, dural arteriovenous ﬁstula, artherosclerosis, carotid
stenosis/occlusion and cerebral small vessel diseases (Aliev et al.,
2009; Hainsworth and Markus, 2008; Hasumi et al., 2007; Meyer et
al., 1999; Sekhon et al., 1998). As regards to neurodegeneration and
cognitive decline, there is a correlation between the severity of mem-
ory dysfunction and the decline in cerebral blood ﬂow in Alzheimer's
disease, vascular dementia and post-stroke hypoperfusion (Komatani
et al., 1988; Ohta et al., 1997).
Surgical ligation of both common carotid arteries in rats produces
chronic global cerebral hypoperfusion (2-vessel occlusion, 2VO),
where ischaemic damage is maximal to hippocampal neurons and
cortical arterial border zones, including deep white matter (Jiwa etio Grande do Sul, Rua Ramiro
/fax: +55 51 3308 3092.
tti).
vier OA license.al. 2010). It causes learning and memory impairment in Morris
water maze tasks (Cechetti et al., 2010; Pappas et al., 1996; Vicente
et al., 2009; Wang et al., 2010a, 2010b) and in radial arm and Y
mazes (Pappas et al., 1996; Sarti et al., 2002), despite substantial re-
covery of cerebral blood ﬂow. Cognitive deﬁcits resulted primarily
from white matter damage, with relative sparing of the hippocampus
(Farkas et al., 2004; Ohta et al., 1997). Some hippocampal changes
appeared after 4 weeks of the event, with increased astrocyte density
and cell loss in the CA1 area (Bennett et al., 1998; Farkas et al., 2004;
Pappas et al., 1996; Vicente et al., 2009).
The brain tissue is sensitive to oxidative imbalance and previous
studies have demonstrated that oxidative injury plays a key role in
the pathogenesis of numerous neurodegenerative diseases including
stroke, Alzheimer's disease and vascular dementia (Chung et al.,
2005; Coyle and Puttfarcken, 1993). Oxidative stress is deﬁned as
the imbalance between oxidants and antioxidants in favor of oxidant
activity that potentially leads to tissue damage (Polidori et al., 2000).
Oxidative metabolism of the brain tissue is high and the large lipid
content of myelin is a special target of reactive oxygen species
(ROS) (Choi, 1993). Enzymes like superoxide dismutase (SOD),
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oxidants (as, for example, glutathione, ascorbate and tocopherol)
(Halliwell, 1992), may play a protective role in the development of le-
sions caused by chronic cerebral hypoperfusion in the central nervous
system (Markesbery, 1997), due to their ability to react with free rad-
icals (Atmaca, 2004; Sen et al., 1998).
Experimental therapeutic strategies to alleviate the cognitive and
oxidative damage caused by experimental ischemia are being studied.
Environmental enrichment (EE), a stimulation paradigm involving
the combination of increased social interaction, physical exercise
and continuous exposure to learning tasks (Krech et al., 1960) pro-
duces beneﬁcial effects, like improved learning and memory of spatial
tasks in rats (Bindu et al., 2005; Escorihuela et al., 1995; Kempermann
et al., 1997; Leggio et al., 2005; Nilsson et al., 1999; Van Praag et al.,
1999). This appears to be mediated by multiple pathways, particular-
ly the enhancement of dendrites number, branches and spines, as
well as increased glial numbers (Faherty et al., 2003; Rosenzweig
and Bennett, 1996), reduced inﬂammatory response, enhanced
microglial phagocytosis and proteasomal degradation (Ambrée et
al., 2006), and increased angiogenesis (Herring et al., 2008) and neu-
rogenesis in the hippocampus (Auvergne et al., 2002; Brown et al.,
2003a, 2003b; Bruel-Jungerman et al., 2005).
Environmental stimulation also attenuates pro-oxidative process-
es and triggers anti-oxidative defense mechanisms in Alzheimer's dis-
ease model (Adlard et al., 2005; Herring et al., 2008). Interestingly, a
long term modulation on oxidative status was also described after
focal ischemia, once an increase on SOD content was found both 30
and 60 days after the event (Bidmon et al., 1998). Surprisingly, no in-
formation on the effects of environmental enrichment on oxidative
status in the hippocampus, one of the most vulnerable brain regions
to oxidative stress and excitotoxic-like events (Candelario-Jalil et al.,
2001), after 2VO hypoperfusion is available.
The aim of the present study was to evaluate the neuroprotective
cognitive and anti-oxidative effects of environmental enrichment in
rats submitted to permanent bilateral occlusion of common carotid
arteries. Spatial memory deﬁcits in reference and working memory
tasks in the Morris water maze, as well as parameters of cellular oxi-
dative status, namely free radicals content, index of macromolecules
damage and antioxidant enzymes were studied on hippocampus, stri-
atum and cerebral cortex, were assessed in adult rats receiving 2VO
followed by environmental enrichment run both before and pre-
and post-ischemia.
Materials and methods
Animals
Male Wistar rats were obtained from the Central Animal House of
the Institute of Basic Health Sciences, of the Universidade Federal do
Rio Grande do Sul. They were maintained in a temperature-
controlled room (21±2 °C), on a 12/12 h light/dark cycle, with food
and water available ad libitum.
Surgical procedure-2VO
Rats were anesthetized for surgery with halothane; a neck ventral
midline incision was made and the common carotid arteries were
then exposed and gently separated from the vagus nerve. Arteries
were occluded with 5‐0 silk suture; the right common carotid was
assessed ﬁrst and, after a one-week interval, the left artery was oc-
cluded (Cechetti et al., 2010). Animals received a topical application
of 10% lidocaine in the incision and analgesic medication was admin-
istered orally each 4 h (acetaminophen 50 mg/250 g body weight).
After these procedures, rats were randomly assigned to sham or
2VO procedures so as to avoid any litter effect.Three-month old rats were submitted to sham or 2VO procedures
and sacriﬁced with six months of life. The animals of the sham group
(SH) received the same surgical manipulation but no carotid occlusion
was performed. Animals were randomly assigned to two experimen-
tal groups, with respective sham maintained in standard environ-
ment (n=8 for each group): (1) Environmental enrichment pre-
surgery group (enrichment exposure from twenty days to three
months of life) (n=8) and (2) Environmental enrichment pre and
post-surgery group (enrichment exposure from twenty days to six
months of life) (n=9). Both the “pre” and “pre+post-surgery”
groups were divided in four sub-groups, because the variables:
non-ischemia (sham) group and standard environment. In short:
Group pre (sham-standard environment (SH/SE), sham-enriched
environment (SH/EE), ischemic‐standard environment (ISQ/SE)
and ischemic-enriched environment (ISQ/EE)); Pre+post-surgery
(sham-standard environment (SH/SE), sham-enriched environment
(SH/EE), ischemic‐standard environment (ISQ/SE) and ischemic-
enriched environment (ISQ/EE)”.
Therefore, the experiment began when rats were twenty-one days
old and ﬁnished when they completed six months; surgery was per-
formed at three months of life. The survival rate obtained in all groups
was 90%, according to previous studies (Cechetti et al., 2010).
All procedures were in accordance with the Guide for the Care and
Use of Laboratory Animals adopted by the National Institute of Health
(USA) and with the Federation of Brazilian Societies for Experimental
Biology (FESBE) and were approved by the Committee of Ethics on
Research at the Universidade Federal do Rio Grande do Sul.
Environmental enrichment (EE)
Rats were submitted to environmental enrichment during 1 h, three
times per week. The environmental stimulation began on the day after
surgery. Although there are reports of EE utilizing 2 h/day (Widman
and Rossellini, 1990) and 3 h/day protocols (Feng et al., 2001), we de-
cided for a one-hour enrichment session because it has also been prov-
en effective (Gaulke et al., 2005; Pereira et al., 2009). The enriched
environment consisted of a large cage (40×60×90 cm) with three
ﬂoors, ramps, running wheel and several objects with different shapes
and textures, modeled as previously described (Diamond, 2001;
Widman and Rossellini, 1990). Objects in the cage were changed once
a week. Rats in non-enriched groups were removed from their home
cages to another standard cage during other animal's enrichment
period.
Morris water maze
Rats were submitted to behavioral testing for spatial memory in
the Morris water maze after the end of enrichment period, i.e., three
months after surgery, i.e., at six months of age. This protocol was cho-
sen based on previous studies showing that the cognitive impairment
is present three months after surgery. (Cechetti et al., 2010, 2011,
2012a; Farkas et al. 2007).
The maze consisted of a black circular pool with 200 cm in diam-
eter ﬁlled with water (temperature around 23 °C, depth 40 cm) situ-
ated in a room with visual cues on the walls. A black platform with
10 cm in diameter was submerged in the water (2 cm below the
water surface). The pool was conceptually divided into four quad-
rants and had four points designed as starting positions (N, S, W or
E) (Morris, 1984). Two behavioral protocols, for reference and work-
ing memory, were utilized.
Reference memory protocol
In this task rats received ﬁve training days (sessions) and a probe
trial in the 6th day. Each session consisted of four trials with a 15 min
intertrial interval. A trial began when the rat was placed in the water
at one of the four starting positions, chosen at random, facing the
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given sequence was not repeated on acquisition phase days. The rat
was given 60 s to locate the platform; if the animal did not succeed
it was gently guided to the platform and left on it for 10 s. Rats
were dried and returned to their home cages after each trial. The la-
tency to ﬁnd the platform was measured in each trial and the mean
latency for every training day was calculated. The probe consisted of
a single trial, as described before, with the platform removed. Here,
the latency to reach the original platform position, the number of
crossings over that place and the time spent in the target, as well as
in the opposite quadrants, were measured (Netto et al., 1993;
Pereira et al., 2007a, 2007b). Videos were subsequently placed in ran-
domized order in a separate ANY-maze protocol to be scored by a
trained observer blind to the experimental condition using a
keyboard-based behavioral tracking system.
Working memory protocol
This protocol consisted of four trials/day, during four consecutive
days, with the platform location daily changed. Each trial was con-
ducted as described in the reference memory protocol, with a 5 min
intertrial interval. Latency to ﬁnd the platform was measured in
each trial and the mean latency for every trial, along the four days,
was calculated, allowing for the observation of the ability of animals
in locating the novel platform position in the day (Netto et al.,
1993; Pereira et al., 2007a, 2007b).
Oxidative state
Rats were decapitated after the behavioral study, brain were re-
moved and hippocampus striatum and cerebral cortex were quickly
dissected out and instantaneously placed in liquid nitrogen and
stored at −70 °C until biochemical assays. The hippocampus plays
an important role on learning and memory processing and is highly
sensitive to ischemic insults (Pappas et al., 1996; Ni et al., 1994).
Ischemia-induced neuronal degeneration is also observed in other
structures, such as striatum, cerebral cortex and thalamus (Pereira
et al., 2009), but the hippocampus is the most affected brain region
for the study of 2VO-induced neurodegeneration.
On the day of the experiments, brain tissue was homogenized in
10 volumes of ice-cold phosphate buffer (.1 M, pH 7.4) containing
KCl (140 mM), EDTA (1 mM) and phenylmethylsulfonyl ﬂuoride
(PMSF, 1 mM) in a Teﬂon-glass homogenizer. The procedures were
performed at 4 °C.
Free radicals levels
To assess the free radicals content we used 2′‐7′‐dichloroﬂuorescein
diacetate (DCFH-DA) as a probe (Lebel et al., 1990). A sample aliquot
was incubated with DCFH-DA (100 μM) at 37 °C for 30 min; the reac-
tion was terminated by chilling the reaction mixture in ice. The forma-
tion of the oxidized ﬂuorescent derivative (DCF) was monitored at
excitation and emission wavelengths of 488 nm and 525 nm, respec-
tively, using a ﬂuorescence spectrophotometer (Hitachi F-2000). The
free radicals content was quantiﬁed using a DCF standard curve and re-
sults were expressed as pmol of DCF formed/mg protein. All procedures
were performed in the dark and blanks containing DCFH-DA (no ho-
mogenate) were processed for measurement of autoﬂuorescence
(Driver et al., 2000; Sriram et al., 1997).
Thiobarbituric acid reactive substances (TBARS)
LPO (lipoperoxidation) was evaluated by thiobarbituric acid reac-
tive substances (TBARS) test (Bromont et al., 1989). Aliquots of sam-
ples were incubated with 10% trichloroacetic acid (TCA) and .67%
thiobarbituric acid (TBA). The mixture was heated (30 min) on a boil-
ing water bath. Afterwards, n-butanol was added and themixture was
centrifuged (1000 ×g for 10 min). The organic phase was collected to
measure ﬂuorescence at excitation and emission wavelengths of 515and 553 nm, respectively. 1,1,3,3-tetramethoxypropane, which is
converted to malondialdehyde (MDA), was used as standard. Results
are expressed as pmol MDA/mg protein and reported as percentage
of control.
Total thiol content
Aliquots of samples were incubated with 100 mM DTNB (ﬁnal
concentration) for 15 min in darkness. Absorbance of the reaction
mixture was measured at 412 nm (Khajuria et al., 1999); results are
expressed as nmoles SH per mg protein. Cellular thiols were
measured.
Superoxide dismutase (SOD) activity
SOD activity was determined using a RANSOD kit (Randox Labs.,
USA). This method employs xanthine and xanthine oxidase to gen-
erate O2-that reacts with 2-(4-iodophenyl)-3-(4-nitrophenol)-5-
phenyltetrazolium chloride to form a red formazan dye which is
assayed spectrophotometrically at 505 nm at 37 °C. The inhibition
of chromogen production is proportional to SOD activity present
in the sample.
Protein determination
Protein was measured by the Coomassie blue method using bo-
vine serum albumin as standard (Cechetti et al., 2012b).
Statistical analysis
Behavioral performance of training days was analyzed using a
two-way repeated-measures analysis of variance (ANOVA) with le-
sion and exercise as the independent variables and session as the re-
peated measure. Reference memory probe trial, working memory in
the MWM variables and oxidative measurements were analyzed by
two-way ANOVA. All analyses were followed by post-hoc Duncan's
test for multiple comparisons, whenever necessary. Data are
expressed as means±SEM and probability values less than 5% were
considered signiﬁcant. All statistical analysis was performed using
the Statistica® software package running on a compatible personal
computer.
Results
Behavioral effects
Two-way repeated‐measures ANOVA revealed a signiﬁcant inter-
action effect of lesion and treatment (F(5,24)=5.75, pb .01) in the ref-
erencememory task of rats receiving EE before ischemia (Fig. 1A); the
ischemic group submitted to standard environment in pre-surgery
group, presented greater latencies to ﬁnd the platform than other
groups on 2nd, 3rd and 5th sessions (pb .05). The same results oc-
curred with the ischemic group submitted to SE in pre+post-surgery
(F(5,27)=11.2, pb .01) (Fig. 1B).
In the probe trial, post-hoc tests indicated that both ischemic+
standard environment groups had signiﬁcantly greater latencies to
reach the platform position and spent more time in the opposite
quadrant, as compared to groups submitted to EE (pb .05). Rats re-
ceiving pre- or pre+post‐enrichment displayed control, non-
ischemic SH/SE, performance in the probe trial (Table 1, Panels A
and B).
Two-way ANOVA of working memory data demonstrated that
ischemic-sedentary group differed from all other groups on the 2nd,
3rd and 4th trials performance (pb .05) (Fig. 2A and B); enriched is-
chemic rats showed control-like performance. Permanent occlusion
of both common carotid arteries did not cause any motor deﬁcit in
the water maze; the swimming speed general means were 26 cm/s
for control (sham) animals and 24.5 cm/s for ischemic rats.
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Fig. 1. Performance in the reference memory task of 2VO and control rats receiving en-
vironmental enrichment before surgery (A) and pre+post-surgery (B). SH/SE—control
group submitted to standard environment, SH/EE—control group submitted to envi-
ronmental enrichment during three months, three times per week, ISQ/SE—ischemic
group submitted to standard environment, ISQ/EE—ischemic group submitted to envi-
ronmental enrichment during three months, three times per week. Line points repre-
sent mean±standard error of the mean (SEM). * Signiﬁcant difference between ISQ/
SE group and all other groups; # Signiﬁcant difference between SH/SE and SH/EE
groups (ANOVA followed by Duncan's test, pb .05).
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Fig. 2. Performance in the working memory task of 2VO and control rats receiving en-
vironmental enrichment before surgery (A) and pre+post-surgery (B). SH/SE—control
group submitted to standard environmental, SH/EE—control group submitted to envi-
ronmental enrichment during three months, three times per week, ISQ/SE—ischemic
group submitted to standard environment, ISQ/EE—ischemic group submitted to envi-
ronmental enrichment during three months, three times per week. Line points repre-
sent mean±standard error of the mean (SEM). * Signiﬁcant difference between ISQ/
SE group and all other groups; # Signiﬁcant difference between SH/SE and SH/EE
group (ANOVA followed by Duncan's test, pb .05).
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Free radical levels
ANOVA reveals changes on DCF measurements in the hippocam-
pus (F(2,41)=5.41 pb .01), where ischemic‐sedentary group was sig-
niﬁcantly different from all other groups (Fig. 3A). No changes on DCF
were found in striatum and cerebral cortex after 2VO rats,
irrespective of the environment factor (data not presented).Table 1
Probe trial of the reference memory task: number of platform crossings, latency to ﬁnd
the platform position, and time spent in the target and opposite quadrants. (A) pre‐
surgery group and (B) pre+post-surgery group. SH/SE—control group submitted to
standard environment, SH/EE pre—control submitted to the enriched environment
pre-surgery group, SH/EE pre+post—control submitted to the enriched environment
pre+post-surgery group, ISQ/SE—ischemic submitted to standard environment
group, ISQ/EE pre—ischemic group submitted to enriched environment pre-surgery,
ISQ/EE pre+post—ischemic group submitted to enriched environment pre-post-
surgery. Data represent means±S.E.M. * Difference between ISQ/SE with others
groups; # Difference between SH/SE with ISQ/SE groups (Two-way ANOVA, pb .05).
Latency (s) Target quadrant (s) Opposite quadrant (s)
Panel A
SH/SE 17.6±5.3 19.6±2.3 11.8±5
SH/EE pre 24±7 18±3.3 11±4.6
ISQ/SE 44±6.7 * 11.6±2 * 21.5±2.7 *
ISQ/EE pre 27.5±7.3 17.5±4 11.5±1.8
Panel B
SH/SE 17.6±3.2 19.2±1.6 14±4.9
SH/EE pre+post 25.1±2.4 20.3±2.9 12±2.2
ISQ/SE 44±1 # 11.8±1.7 * 21.2±2.7 *
ISQ/EE pre+post 29. 3±2.2 21.6±2.1 10.2±2.1Thiobarbituric acid reactive substances (TBARS) and total cellular thiols
ANOVA shows an effect of environment factor in TBARS levels (F
(2,41)=5.41, pb .01) in the hippocampus. In addition, signiﬁcant dif-
ferences were present in lesion and environment factors in the same
structure (F (2,41)=6.84, pb .01). Post‐hoc test showed that ische-
mic rats maintained in standard environment had greater values as
compared others groups (pb .01) (Fig. 3B). No signiﬁcant differences
were present in cortex and striatum samples; the same happens for
thiols levels in all analyzed structures (data not presented).
Superoxide dismutase activity
There are differences on SOD activity in the hippocampus of 2VO
rats (F(2,42)=3.9 pb .05). Post‐hoc analysis showed greater values
for ischemic rats maintained in standard environment as compared
to others groups (Fig. 3C); no effect was observed in cortex and stri-
atum (data not presented).
Discussion
Permanent bilateral occlusion of the common carotid arteries in
rats is an established procedure to investigate the effects of chronic
cerebral hypoperfusion on cognitive dysfunction and neurodegenera-
tive processes (Sarti et al., 2002). We have here reported that envi-
ronmental stimulation is effective in recovering spatial learning and
memory deﬁcits in rats when applied before and after the ischemic
event. It is also shown that oxidative status imbalance in the hippo-
campus was also prevented by stimulation protocols. To our knowl-
edge, this is the ﬁrst study demonstrating the effects of distinct
event-related stimulation protocols in the 2VO lesion model.
Cognitive deﬁcits were described earlier for this experimental
model (Cechetti et al., 2010; Vicente et al., 2009) and indicate the ad-
equacy for studying vascular dementia. Lin et al. (2010) suggest that
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Fig. 3. Free radical levels (DCF formed) (panel A), Thiobarbituric acid reactive sub-
stances (TBARS) (panel B) and Superoxide Dismutase (SOD) activity (panel C) in the
hippocampus. SH/SE—control group submitted to standard environment, SH/EE pre—
control submitted to environmental enrichment pre-surgery group, SH/EE Pre+post
—control submitted to environmental enrichment pre+post-surgery group, ISQ/SE—
ischemic submitted to standard environment group, ISQ/EE—ischemic group submitted
to environmental enrichment, ISQ/EE pre+post—ischemic group submitted to envi-
ronmental enrichment pre-post-surgery. Results are expressed as mean±standard
error of mean (SEM).* Signiﬁcant difference between standard environment ischemic
group and all other groups (Two-Way ANOVA; pb .05).
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with impairment of synaptic transmission, lower number of pyrami-
dal neurons and induced neurodegeneration in the hippocampal
CA1 region. However, a previous study reported that chronic cerebral
hypoperfusion causes learning impairments in the water maze with-
out marked histological alterations in the hippocampus and striatum
(Cechetti et al., 2010; Murakami et al., 2005). Several authors have
shown that the long-lasting learning deﬁcits observed in these rats
are at least partially attributable to damage to the white matter
(Zhang et al., 2011). Cho et al. (2006) identiﬁed that the main areas
affected are corpus callosum, optic tract, and internal capsule in rats
with chronic cerebral hypoperfusion.
Experimental evidence demonstrated the initiating role of chronic
cerebral hypoperfusion in neural damage to the white matter (WM)
areas and the visual system. Because of the vulnerability of the WM,
the retina and visual pathways, the 2VO model has recently been ap-
plied with success in other research ﬁelds, such as ischemic WM inju-
ry and ischemic eye diseases (Farkas et al. 2007). There is no evidence
of gross visual impairment damage in our animals, suggesting that
the one-week interval between the carotid occlusion may cause a
greater adaptation in this region. Recent studies designed a mouse
model of chronic cerebral hypoperfusion by placing microcoilsbilaterally to the common carotid arteries, where the visual pathway
is preserved since blood ﬂow in the common carotid arteries albeit
reduced is maintained, but still develops working memory (Shibata
et al., 2007) as well as reference memory impairments (Nishio et al.,
2010)”. In addition, several authors describe damage to white matter
in the standard model of two vessels, unlike the modiﬁed model (Cho
et al., 2006; Farkas et al. 2007; Zhang et al., 2011).
In addition, it has been reported that learning and memory can be
inﬂuenced by social stimulation. In this paper, we demonstrate that
exposure to the enriched environment reversed performance deﬁcits
on reference and working memory tasks caused by cerebral hypo-
perfusion (Figs. 1 and 2 and Table 1). Previous data conﬁrm that
daily EE prevents HI-induced spatial memory deﬁcit, i.e., cognitive
impairment caused by hypoxia–ischemia in the Morris water maze,
demonstrating the effectiveness of this stimulation protocol in others
ischemia models (Pereira et al., 2007a, 2007b, 2009). Environmental
enrichment increases the number and survival of newly originated
cells in the hippocampus (Auvergne et al., 2002; Brown et al.,
2003a, 2003b; Bruel-Jungerman et al., 2005) the number of dendrites
(Faherty et al., 2003; Rosenzweig and Bennett, 1996) and the increase
of synaptic plasticity (Briones et al., 2004). A recent study conﬁrmed
that EE for 4 weeks is beneﬁcial in modifying behaviors as object rec-
ognition task and Morris water maze in 2VO model (Sun et al., 2010).
Frequent participation in cognitively stimulating intellectual and
physical activities is linked to a reduced risk of Alzheimer's disease
(Friedland et al., 2001; Wilson et al., 2002). It is well known that en-
vironmental stimulation in laboratory rodents has a great impact on
various behavioral parameters (Olsson and Dahlborn, 2002) and can
also improve learning and memory (Frick and Fernandez 2003;
Rampon et al., 2000), with delayed behavioral symptoms and disease
progression in mouse models of neurodegenerative diseases (Faherty
et al., 2005; Lazic et al., 2006).
There is consistent evidence that environmental enrichment is
also recognized as an intervention that enhances performance on
memory tasks in experimental ischemia. Social and cognitive stimula-
tion enhanced the rate of spatial water maze learning and reduced
plaque load in female mice DA model (Adlard et al., 2005). The
same was true for enriched housing in hypoxia–ischemia rats
(Pereira et al., 2009), transient global ischemia (Gobbo and Mara,
2004). What is more, Faherty et al. (2005) reported the beneﬁts of en-
vironmental enrichment in an experimental model of Parkinson's dis-
ease. Furthermore, the enriched environment signiﬁcantly improved
the rate and extent of recovery in aged animals submitted to focal ce-
rebral ischemic, with a reduction in infarct size, in the number of pro-
liferating astrocytes, and in the volume of the glial scar (Buchhold et
al., 2007).
The brain tissue is sensitive to oxidative damage and it is
known that 2VO triggers oxidative events, but few studies have
investigated the effects of reducing the oxidative stress in cerebral
hypoperfusion (Ghoneim et al., 2002; Yanpallewar et al., 2005).
For instance, Ueno et al. (2009) showed that Edaravone, a scaven-
ger of hydroxyl radicals, caused endothelial protection and free
radical scavenging in the cerebral white matter of rats submitted
to 2VO. The same occurred with Gypenosides (GP), the saponin
extract derived from the Gynostemma pentaphyllum Makino, by in-
creasing antioxidant abilities, decreasing lipid peroxide products
and oxidative DNA damage, and reducing the activation of inﬂam-
matory astrocytes. Thus, attenuating the oxidative stress and sup-
pressing the activation of inﬂammatory glial cells are potential
approaches for treating cerebral white matter damage and allevi-
ating the cognitive impairment (Zhang et al., 2011).
Oxidative stress, generally caused by the increase in levels of free
radical, can lead to tissue damage (Polidori et al., 2000). Thiol levels,
GSH and superoxide dysmutase (SOD) are involved in the antioxidant
system and are important for the protection of the brain tissue from
oxidative damage.
34 F. Cechetti et al. / Life Sciences 91 (2012) 29–36Additionally, it has been proposed that oxidative status may
mediate cognitive and motor changes arising by the enriched ex-
perience (Fernández et al., 2004). Acquisition and performance of
both the Morris maze and the object recognitive task can be im-
paired by dysfunction of neurochemical systems in many brain re-
gions (Brandeis et al., 1993; McNamara and Skelton, 1993). To
our knowledge, this is the ﬁrst study demonstrating a positive ef-
fect of different protocols of environmental enrichment on the
chronic cerebral hypoperfusion model. The protocol here used
(three 1-hr sessions per week, during 12 weeks, pre and
pre+post-surgery) alters the free radical content in hippocampus,
as well as basal TBARS and SOD activity in rats submitted to
chronic hypoperfusion.
Moreover, it was found that there is a signiﬁcant increase in
the activity of antioxidant enzymes glutathione-transferase and
SOD after the combined treatment, EE and antioxidant diet, with
inclusion of a broad-based antioxidant and mitochondrial co-
factor supplementation (Opii et al., 2008). Present results also
show a regulation in Superoxide dismutase activity (SOD) in rats
submitted to cerebral hypoperfusion kept in the enriched environ-
ment (Fig. 3C). Candelario-Jalil et al. (2001) identiﬁed increased
MnSOD activity only in the hippocampus of gerbils submitted to
transient cerebral ischemia at 24, 48 and 72 h of reperfusion.
Benzi and Moretti (1995) proposed that the augment of SOD ac-
tivity might be related to oxidative stress, considering that
might allow accumulation of hydrogen peroxide (H2O2). This,
combined to metal iron, would originate hydroxyl radicals, when
H2O2 is not effectively transformed into water. In present study
the high SOD activity is paralleled by an increase of total free
radicals content, as evidenced by DCF and TBARS levels in the
hippocampus of animals subjected to chronic hypoperfusion
(Fig. 3). Similar results were shown by Pereira et al. (2009) in a
model of hypoxia–ischemia submitted to stimulation social.
Cognitive and voluntary physical exercise has been shown to
lower peripheral oxidative stress in both humans and animals
(Gomez-Cabrera et al., 2008) and cerebral oxidative damage in
aging animals (Cui et al., 2009; Opii et al., 2008), thereby reveal-
ing neuro-/cardioprotective abilities (Cechetti et al., 2008; Powers
et al., 1994). This work demonstrates that 2VO hypoperfusion causes
an increase in free radical content and basal TBARS in hippocampus,
and that these measurements return to normal levels with exposure
to an enriched environment (Fig. 3A and B). Corroborating these data,
Herring et al. (2008) showed increasedmemory function and reduction
of biomarkers for oxidative damage after four months of continuous
and diversiﬁed environmental stimulation in mice. Considering that
such effect was prevented in the hippocampus of ischemic rats housed
in enriched environment, it mightmean that the EE reduces the vulner-
ability to additional peroxidative injury. Therewas a strong reduction of
free radicals content in hippocampus from ischemic animals submitted
to EE in present study.
In humans, the concept of “cognitive reserve”, and a broader
theory of “brain reserve”, were originally proposed to help explain
epidemiological data indicating that individuals who engaged in
higher levels of mental and physical activity via education, occupa-
tion and recreation, were at lower risk of developing Alzheimer's
disease and other forms of dementia (Andel et al., 2006; Le
Carret et al., 2005; Nithianantharajah and Hannan, 2006;
Valenzuela et al., 2008). This concept of "brain reserve" may ex-
plain why both groups, pre-surgery and pre+post-surgery did
not differ between them in relation to cognition, since both were
subjected to social and environmental stimulation in the ﬁrst
three months of life.
Increased mental activity across the lifespan was correlated
with a reduced rate of hippocampal atrophy in medial temporal
lobe, identifying a key area underlying the link between mental
activity and lower rates of dementia (Valenzuela et al., 2008). Itis well documented that certain cognitive functions, including
memory, decline in later life, although the rate and extent of de-
cline is highly variable between individuals. This variability in
brain aging and associated cognitive decline could be explained,
at least in part, by different levels of brain reserve between indi-
viduals (reviewed by Villemagne et al. 2008).
Conclusion
The present results demonstrate that chronic cerebral hypo-
perfusion causes cognitive damage associated to oxidative stress
and lipoperoxidation in the hippocampus, and that environmental
enrichment prevents both effects. This implies a neuroprotective
action of social and motor stimulation over cognitive and bio-
chemical damage caused by chronic cerebral hypoperfusion.
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